The photosynthetic apparatus of green plants is well known for its extremely high efficiency that allows them to operate under dim light conditions. On the other hand, intense sunlight may result in overexcitation of the light-harvesting antenna and the formation of reactive compounds capable of 'burning out' the whole photosynthetic unit. Nonphotochemical quenching is a self-regulatory mechanism utilized by green plants on a molecular level that allows them to safely dissipate the detrimental excess excitation energy as heat. Although it is believed to take place in the plant's major light-harvesting complexes (LHC) II, there is still no consensus regarding its molecular nature. To get more insight into its physical origin, we performed high-resolution time-resolved fluorescence measurements of LHCII trimers and their aggregates across a wide temperature range. Based on simulations of the excitation energy transfer in the LHCII aggregate, we associate the red-emitting state, having fluorescence maximum at ∼700 nm, with the partial mixing of excitonic and chlorophyll-chlorophyll charge transfer states. On the other hand, the quenched state has a totally different nature and is related to the incoherent excitation transfer to the short-lived carotenoid excited states. Our results also show that the required level of photoprotection in vivo can be achieved by a very subtle change in the number of LHCIIs switched to the quenched state. P hotosynthesis is the key natural process performed by green plants, algae and photosynthetic bacteria, during which solar radiation is used to supply energy to Earth's biosphere 1 . The light-harvesting systems of photosynthetic organisms exhibit an unprecedented quantum efficiency: up to 99% of the absorbed photons are successfully utilized during charge separation in the reaction centres of the photosynthetic units 2 . Owing to a finite rate of charge separation in the reaction centres, however, such high efficiency could have severe drawbacks during intense sunlight, when an overexcited light-harvesting antenna initiates the formation of dangerous reactive compounds. To avoid any possible photodamage, plants have developed several self-regulatory mechanisms. Non-photochemical quenching (NPQ) is the most efficient one, operating on a molecular level and dissipating the unneeded excess excitation as heat, reversibly activates and relaxes within several seconds to minutes [3] [4] [5] [6] [7] [8] . Its activation depends on variations of the transmembrane ΔpH that correlates with the rate of photochemistry in reaction centres and therefore with the intensity of incoming solar radiation. NPQ manifests itself by a strongly reduced chlorophyll (Chl) fluorescence lifetime and is accompanied by the clustering and/or increased energetic interconnectivity of the light-harvesting antenna 9, 10 . The currently proposed models attribute NPQ to a formation of either Chl-Chl 11 or Chl-carotenoid 3 (Car) charge transfer state, a coherent mixing between Chls and short-lived dark S 1 state of Cars 12,13 , or simple incoherent excitation energy transfer from Chls to nearby Cars 4,5 . Although the studies of intact thylakoid membranes provide direct possibility to observe NPQ, identification of the physical NPQ mechanism is hardly possible because of the presence of the reaction centres and photosystems (PS) I and II, which affect the spectroscopic signatures and the kinetics of the quenched samples. On the other hand, in vitro studies of the purified LHCII complexes have revealed many characteristic properties of the light-harvesting processes happening in vivo. First of all, aggregation of LHCIIs, observed at low detergent concentrations, results in a considerable excitation energy dissipation 14, 15 . Measurements performed on LHCII aggregates 16, 17 and LHCII crystals 4 at temperatures below 100 K have additionally demonstrated the appearance of a new strong peak in the spectral region around 700 nm of the steady-state fluorescence spectrum, resembling red-shifted chlorophyll fluorescence in the 77 K thylakoid membranes 14, 15, 18 . Also, freeze fracture electron microscopy revealed clustering/aggregation patterns of the LHCII complexes on the protoplasmic fracture face of the stacked membranes in NPQ state 18 . All this suggests that NPQ is related to aggregation of the light-harvesting complexes, even though similarities between the in vitro aggregates and the thylakoid membranes do not guarantee that their behaviour is exactly the same. Therefore, by studying the two limiting cases of the 'pristine' light-harvesting antenna-single LHCII trimers and their large aggregates-the obtained results can be generalized to the in vivo systems, which, besides the PSII core and the minor antenna complexes, are composed of small clusters of about three or four LHCII trimers per reaction centre 2 .
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Results
To examine excitation energy dynamics in LHCII aggregate and its relationship to NPQ, in the current work we performed timeresolved fluorescence measurements of high temporal resolution by taking advantage of the streak camera-based spectrograph that enabled simultaneous temporal and spectral decomposition of the fluorescence signal. Compared with other non-linear spectroscopic techniques, fluorescence measurements, performed under low excitation conditions, are simpler to interpret as they are not affected by the non-linear annihilation processes. Since the proposed mechanisms of NPQ are expected to demonstrate different behaviour at various temperatures, we measured fluorescence signal across a wide temperature range from 273 K to 15 K. A typical time-resolved fluorescence spectrum, observed at 150 K, is shown in Fig. 1a as a two-dimensional map and reveals a notable difference of the fluorescence decay kinetics at various wavelengths (compare, for example, vertical slices at 680, 700 and 720 nm, shown in Fig. 1b) .
Fluorescence kinetics at longer wavelengths exhibit much slower decay (but still faster than in non-aggregated LHCIIs, Fig. 2 ), so in spite of their small initial amplitude, their corresponding spectral region starts to dominate after several nanoseconds following the initial excitation (Fig. 1c) . As a result, in the course of time, in addition to the 680 nm peak another peak at ∼710 nm appears, resulting in a typical wing in the far red region of the steady-state fluorescence spectra of LHCII aggregates (Fig. 1d) , whereas LHCII absorption spectra show no notable differences on aggregation ( Supplementary Fig. 1 ). Similar results were obtained at other temperatures as well ( Supplementary Figs 2 and 3) . These results indicate an effective and only slightly reversible excitation transfer from the whole aggregate into the centres responsible for long-lived redshifted Chl fluorescence. Since the maximum amplitude of the excitation kinetics at 700 nm is almost an order of magnitude smaller than that of the dominating spectral component at 680 nm and its decay rate is considerably slower (meaning back-transfer from the red states to the 680-nm ones is rather slow), not all the excitations reach these specific 'red' centres. Thus additional excitation 'quenching' centres should coexist within the aggregate. These observations are in line with single-molecule spectroscopy (SMS) experiments 19 , where it was shown that on a micro-to millisecond timescale the same LHCII trimer can reversibly switch between several spectrally different states: although most of the time the fluorescence spectrum exhibited a strong peak at 680 nm, sometimes the position of this peak shifted to ∼700 nm or the fluorescence signal was not visible at all.
We analysed the experimental results in terms of a multivariate curve resolution 20 (see equation in Fig. 1f , and Supplementary Information for details), which allowed us to describe our data with a minimum number of fluorescing states, each having a clear physical interpretation. To fit the whole time-resolved fluorescence map, we used a time-dependent weighted sum of only two spectral components, one describing the dominating LHCII species fluorescing at 680 nm, and another corresponding to the LHCIIs being in the red state. The obtained best-fitted fluorescence spectra of these components (S 680 (λ) and S red (λ)) for 150 K are presented in Fig. 1g , and their kinetics (W 680 (t) and W red (t)) are shown in Fig. 1f . The quality of such spectral decomposition was validated by reconstructing total fluorescence kinetics F(λ,t) at various wavelengths and fluorescence spectra at different time delays (Fig. 1b-d , red lines). Fluorescence from LHCII aggregates at other temperatures was analysed in a similar way (see Supplementary Figs 2 and 3 for details, and Supplementary Fig. 4 for the analysis of separately measured initial part of the fluorescence kinetics), and the obtained results are summarized in Fig. 3 . The fluorescence lineshapes of both the 680 nm and the red components become notably narrower at lower temperatures, as expected, but in all cases the spectrum of the red component is much broader. More important is the fact that although the peak maximum of the 680 nm component stays roughly at the same position at all considered temperatures, its counterpart shows considerable blue shift when cooled: from ∼707 nm at 200 K down to 688 nm at 15 K (note that this effect is also visible in the raw data, see Fig. 1e ). The shift results in a very strong overlap of the spectra of both components and the disappearance of the second peak in the steady-state fluorescence spectra of LHCII aggregates under temperatures below 50 K 16, 17 . As a control, time-resolved fluorescence spectra of LHCII trimers before their aggregation were also measured and analysed. Differently from the case of the aggregates, only one spectral component was sufficient for trimers to perfectly reproduce all the experimental data at all the temperatures (see Fig. 2 , Supplementary Information and Supplementary Fig. 5 ). The obtained fluorescence spectra of LHCII trimers (Fig. 2b , and dotted lines in Fig. 3a) were found to follow those of the dominating 680-nm component in LHCII aggregates, further supporting the applied decomposition method. This also implies that relatively few complexes are in the red-emitting state.
Fluorescence kinetics in LHCII trimers was found to decay in a single-exponential way, but those of both fluorescing components in LHCII aggregate clearly showed non-exponential behaviour (compare Figs 2c and 3c) , which reflects the inhomogeneity of the number of complexes in the red or quenched state (this corresponds to the fluctuating antenna model 21, 22 , see also below). Interestingly, fluorescence kinetics of the red LHCII species exhibited much slower decay rate and much more pronounced temperature dependence than those of the 680-nm component. This effect clearly indicates very slow excitation back-transfer rate from the red to the dominating LHCII species that we proposed earlier from the simple analysis of the fluorescence intensity map-in the opposite case, the decay rate of the kinetics of both components would be comparable. Secondly, the fluorescence of the red component reaches its maximum about 200 ps later than the fluorescence of the 680-nm component (see inset in Fig. 3c ). This means that just after the initial excitation the total energy population of the red LHCIIs still increases as a result of incoming excitation energy transfer from the nearby complexes. Such behaviour, however, contradicts the so-called excitation radical-pair equilibrium model, which postulates infinitely fast excitation equilibration throughout the whole photosynthetic antenna 23 or across an artificial LHCII aggregate 11 , and provides an independent support for the diffusion-limited regime of excitation energy dynamics.
To extract more details from the data, we performed simulations of excitation energy transfer using the simplest model of LHCII aggregate, which is schematically shown in Fig. 4a,b . Based on the trimeric nature of LHCII complexes, their most favourable arrangement in the aggregate should resemble a hexagonal lattice, and that was indeed observed in earlier studies by means of electron microscopy 24 . By combining the above qualitative analysis and the current knowledge from the SMS measurements of single LHCII complexes 19 , we assume that at any given time each LHCII monomer can be in one of the three possible distinct states discussed above-the most favourable one (corresponding to the 680-nm component), the red-emitting one or the quenched one. An even simpler two-state model, when the red-emitting state is also responsible for the excitation quenching, did not lead to adequate reproduction of the experimental data (Supplementary Fig. 6 ). The switching between these distinct functional states is most likely to be described by the conformational dynamics of protein scaffold of LHCII that determines the inter-pigment couplings and excitation transfer rates [25] [26] [27] [28] .
Since it takes just several picoseconds for the excitation to equilibrate within a monomer [29] [30] [31] [32] and the inter-complex excitation transfer rate is supposed to be about an order of magnitude slower 33, 34 , we neglected the former process and analysed the whole aggregate in terms of the coarse-grained model [35] [36] [37] [38] by implicitly taking into account only excitation hopping between the adjacent monomers. With these hopping rates being treated as fitting parameters, the total excitation population dynamics of the 680-nm-emitting and red complexes was calculated and then averaged over random distribution of the red and quenched complexes within the aggregate as well as the actual numbers of these specific complexes per aggregate (see Supplementary Information for details). This accounts for fluctuating properties of the antenna. The obtained mean excitation decay kinetics were then fitted to the decomposed fluorescence kinetics of the 680-nm and red components, resulting in a good reproduction of all the experimental data (Fig. 4c ). The obtained model parameters and their temperature dependence are given in Supplementary Fig. 7 . The timescales of excitation transfer between neighbouring complexes being in different states as well as mean excitation relaxation times, obtained at various temperatures, are also summarized in Fig. 4b . For further verification of the model, the same calculated kinetics of the 680-nm species were re-convolved with a much shorter instrument response function, and the obtained results closely matched the independently measured initial part of fluorescence decay, as shown in Supplementary Fig. 8 .
Discussion
Our measurements and simulations revealed several important features of the red-emitting states: (1) their fluorescence spectra (Fig. 3b) are much broader than those of the dominating 680-nm-emitting states h was assumed to be equal to 25 ps at room temperature 21, 33, 34 ). Any value of k and exhibit a considerable blue shift upon temperature decrease, (2) the mean concentration of the red complexes strongly varies with temperature (Fig. 4c, inset) , and (3) the fluorescence from the red states decays on a nanosecond timescale (Fig. 3c) . This allows us to make conclusions about the molecular mechanism that is responsible for the whole complex being in a red-emitting state. The first observation is in line with the recent studies of the mixed excitonic and charge transfer states having strong interactions with the unharmonic environment 39 ; the second one can also be readily explained by this mechanism, as illustrated in Fig. 5a ). The last one, in its turn, excludes the participation of the short-lived optically dark carotenoid states. Therefore our results imply that the physical origin of red-shifted fluorescence is related to the Chl-Chl interactions leading to the formation of a charge transfer state (schematically shown in Fig. 5b) ; such character of the red state is also supported by the Stark fluorescence measurements 40 . Most important is that our simulations also uncovered some properties of the quenched LHCII complexes that can help to distinguish between distinct mechanisms proposed so far to govern NPQ 7 . First, contrarily to the case of the red-emitting complexes, the obtained mean concentration of the quenched complexes did not exhibit any notable dependence on temperature (Fig. 4c,  inset) , meaning that the physical origin of both states is different. This implies that quenching is unrelated to any charge transfer states (either chlorophyll or carotenoid), in contrast to the earlier proposals 11 . Indeed, if the quenched state were also related to a charge transfer state, it should experience a considerable blue-shift on cooling, resulting in a strong temperature dependence of the quenching efficiency that was not observed in our study. Second, our modelling results show that the quenched states of LHCIIs are energetically deep, with excitation de-trapping taking from hundreds of picoseconds to tens of nanoseconds (Fig. 4b) . This observation indicates a relatively fast unidirectional excitation transfer within the quenched complex from the Chl pigments to the intrinsic trapping centres and rules out the quenching mechanism based on the coherent mixing between the Chl and Car S 1 states 13 . Indeed, since the excitation flows between coherently coupled states more freely, it could also easily escape from the quenched complex itself back to the antenna, contradicting our determined minor reversibility of NPQ. As a result, the only remaining mechanism that is consistent with all our data is an incoherent excitation transfer to the short-lived S 1 state of the Car molecules (Fig. 5c) , which also confirms that NPQ trap is rather slow 10 . According to the structure-based quantum-chemical calculations, assessing the quenching efficiency of different carotenoids 32 , the most probable candidate for the quenching site is one of the two luteins located in the centre of the LHCII monomer. Further experiments, for example, on LHCII mutants, are required to pinpoint the spatial location of the quenching site more accurately.
Concluding remarks
In conclusion, both the red-shifted fluorescence signal and fluorescence quenching observed in the LHCII aggregates were demonstrated to be the collective phenomena arising from the energetic inter-connectivity of many conformationally fluctuating LHCII complexes, only several of them being in the red-emitting or quenched state. Moreover, all the known spectroscopic and structural similarities between the artificial LHCII aggregates and the intact thylakoids 7 suggest that the molecular origin of the discussed conformational states should also remain the same during the in vivo photosynthesis, when about six to ten LHCII trimers are closely inter-connected within the light-harvesting antenna of PSII. Indeed, recently developed fluctuating antenna model 21, 22 independently confirms that in both the LHCII aggregate and the thylakoid membranes excitation diffuses in a two-dimensional manner (see Supplementary Information and Supplementary  Fig. 9 ). Exposure to any ambient stress (such as temperature, pH level or even different levels of aggregation) shifts the dynamic equilibrium between the possible conformational states of a single LHCII (and possibly minor antenna complex), thus varying the relative concentrations of these states in the ensemble. As demonstrated in Fig. 5d , in small antenna systems the probability of just several per cent for LHCII to switch into its quenched state is enough to reduce the mean fluorescence lifetime from ∼4 ns seen in LHCII trimers down to ∼2 ns observed in intact thylakoids with the closed reaction centres 41 or even smaller values in LHCII liposomes 42 . Moreover, just a slight variation of the concentration of the quenched complexes can further reduce the mean excitation lifetime and the resulting fluorescence quantum yield. The physical increase of the antenna size (indeed observed experimentally 10 ) by Figure 5 | Origin of various conformational states of LHCII complexes and mean excitation lifetimes in small aggregates. a, Illustration of how the chlorophyll-chlorophyll charge transfer (CT) state can explain both the blue shift of the fluorescence peak and the increased concentration of the red-emitting states at lower temperatures observed in our work. Depending on local environmental conditions, numerous Chl-Chl charge transfer states with varying energy can be formed in distinct LHCII complexes, but only some of them are mixed with other Chl excitonic states and can collect excitation coming from the antenna. Strong interactions with the unharmonic environment at lower temperatures can induce blue shift of all the charge transfer states 39 , so that charge transfer states become mixed with the Chl exciton states in a larger number of LHCII complexes. This results in the blue-shifted peak position of the fluorescence spectrum (Fig. 3b) of the red component and in the increased concentration of the red states per aggregate (Fig. 4c, inset) . b,c, Physical origin of the red-emitting and quenched states, respectively, as determined from our modelling results. d, Calculated dependence of the mean excitation lifetime on the mean concentration of the quenched monomers in the small variously sized LHCII aggregates resembling the size of light-harvesting antenna of PSII in intact thylakoid membranes (see Supplementary Information for more details). Shaded regions correspond to the low light (the mean excitation lifetime when all reaction centres are closed is about 2 ns) and high light conditions (additional ∼3-4-fold drop of the fluorescence quantum yield), respectively. merely a single LHCII trimer provides an additional possibility to enhance quenching efficiency. As a result, NPQ traps that can be (even with a very low probability of several per cent) generated anywhere in the antenna allow photosynthetic organisms to gradually adapt to the varying light conditions and adjust NPQ efficiency by a certain degree that prevents photodamage.
Methods
Sample preparations. LHCII trimers were prepared from the Berthold-BabcockYocum particles purified from the spinach leaves. Further purification of LHCII was done by sucrose density gradient centrifugation. Seven-step exponential sucrose gradients from 0.15 to 1.0 M sucrose dissolved in 15 mM HEPES buffer with 0.03% (w/v) n-dodecyl β-D-maltoside (β-DM) were used. Sucrose was removed from LHCII using PD-10 desalting column (GE Healthcare) in a buffer containing 15 mM HEPES and 0.01% (w/v) β-DM. Sample preparation technique is described in more details in literature 16, 43, 44 . Aggregation of the sample was achieved with the help of bio-absorbent beads SM-2 (Bio-Rad). The amount of aggregation was observed as a drop of the fluorescence intensity at room temperature, when excited at 470 nm. Sample quality was assessed by measuring its steady-state absorption and fluorescence spectra. Proper aggregation level was considered achieved when the fluorescence intensity at 680 nm decreased tenfold. The aggregated solution then was diluted with glycerol, so that the final sample was 60% (v/v) glycerol solution. For the sake of consistency, all the data presented in the paper are obtained from the same batch of LHCII. Although multiple additional measurements using LHCII from other three batches were performed, no notable variations of fluorescence dynamics were observed.
Experimental measurements. Time-resolved fluorescence dynamics of the samples were measured by means of Hamamatsu C5680 streak camera with either M5675 (synchroscan) or M5677 (single-sweep) module coupled to a spectrometer. Femtosecond Yb:KGW oscillator (Pharos, Light Conversion Ltd) with a frequency doubler (HIRO, Light Conversion Ltd) producing 515 nm sub-100-fs pulses at a 76 MHz repetition rate was employed, and a pulse picker was used to reduce the repetition rate to 20 kHz in the single-sweep mode for nanosecond timescales. The beam was attenuated down to about 1 pJ (76 MHz repetition rate, picosecond timescales) or 100 pJ (20 kHz repetition rate, nanosecond timescales) per pulse and focused into about 100 µm spot on the sample. No intensity dependence was observed when increasing the pulse energies by an order of magnitude. The temporal resolution of the whole system was ∼9.5 ps (full width at half maximum) for the synchroscan mode and ∼90-110 ps for the single-sweep mode. All the measurements were performed in a fused silica cell of 0.1 mm optical path placed in a closed cycle helium cryostat (Janis Research Company, LLC). Steady-state absorption spectra were measured with Jasco V-670 absorption spectrometer. To avoid sample deterioration that may be caused by multiple freezing-thawing cycles, the cell was refilled after each cycle, thus, the long timescale and the high timeresolution fluorescence datasets and the absorption spectra were obtained during three separate experiments.
Data analysis. The measured time-resolved fluorescence spectra F(λ,t) of LHCII trimers and aggregates under various temperatures were analysed in terms of multivariate curve resolution 20 using a multiplicative update algorithm 45 . That allowed us to quantify the temperature dependence of the intrinsic excitation dissipation rate in LHCII trimers (Fig. 2c, inset) and, more important, to distinguish between the population kinetics of the 680-nm and the red-emitting spectral components in LHCII aggregate (see Fig. 3c ). These kinetics were then used as a reference in our coarse-grained simulations, from which temperature dependence of the concentration of the red and quenched states per aggregate was determined. The corresponding fitting was done using the R software 46 by utilizing the differential evolution algorithm 47 belonging to a class of genetic algorithms and implemented in ref. 48 . The obtained results were further verified by reconstructing the initial part of fluorescence decay kinetics (measured in the separate experiments) and by a applying different (fluctuating antenna) model 21, 22 to describe room temperature kinetics. For further details, see Supplementary Information.
